Many achievements in recent studies in the field of RC structures are related to high performance phenomenon. This phenomenon can have structural, technological or economical aspects, but it is not always emphasized. Moreover, each structure's improvement cannot be defined as high performance -it can be just upgrading some of its definite properties. Hence, a problem of a strong definition of high performance structural element arises. This paper deals with definition, related to the structural aspect only taking into account that a concept of high performance RC structure is mainly related to bending elements. Considering concrete behavior in these elements, it is important to achieve high performance properties separately for tensile and compressed zones of a bending section. For this reason it is logical to use different concrete classes, i.e. high and normal strength concretes in the compressed and tensile zones, respectively. It is necessary to provide suitable section ductility in the compressed zone and necessary cracking resistance in the tensile zone. A high strength concrete with elastic-plastic properties should be used in the bending element section compressed zone in order to withstand both static and dynamic loads. With this aim fibered concrete is used and the fiber quantity should be calculated according to the required ductility. Using pre-stressed reinforcement in the tensile section zone allows for improvement of the cracking resistance and reduces the bending elements' deflections. Thus, a two-layer RC beam represents an effective bending element having fibered high strength concrete in its section compressed zone and pre-stressed normal strength concrete in the tensile zone. Such a beam can be defined as a high performance bending element, because, on one hand, the concrete compression properties are maximally used for a given ductility level, and, on the other hand, the section's design stiffness requirements are provided by pre-stressing the tensile zone.
Introduction
Many researchers have investigated experimentally and theoretically behavior structures made of high strength concrete (HSC) [1, 3-6 etc.] . In most cases the HSC class was selected based on engineering experience and varied from 60 MPa to 240 MPa. At the same time, it is reasonable to give a rigorous definition of HSC based on analysis of the available experimental data [2] . This definition is given by the authors in [7] . According to this definition, HSC is defined as the lowest concrete strength, satisfying the following requirements: absence of a download branch in the parabolic diagram of the concrete; minimum exponent of the σ c -ε c function; and minimum ductility parameter of the concrete under compression.
HSC elements behave elastically hence there is no redistribution of bending moments between their sections, and the ductility of such elements is very low. According to experimental results, fibers may be used to increase the ductility of HSC beams [1] . Using steel fibers in the tensile zone adds to the beam's costs; at the same time, the resistance of concrete under tension due to bending is not taken into account. For both these reasons the authors have proposed to include fibers only in the compression zone, where HSC is used [7] . Additionally, in order to improve the element's performance in the tensile zone, the reinforcement in this zone is pre-stressed [8] . This is one of design solutions in which concrete in the bending element's section becomes high performance (HPC).
High performance bending elements should be first of all made of HPC. However, there is no need to use expensive HPC in both compressed and tensile zones of the element's section. It is known that concrete of the tensile zone is not taken into account in the section's bearing capacity in bending. According to Eurocode 2 [2] , the tensile zone does not contribute to the section's shear bearing capacity either. Hence, the authors' idea of using two-layer beams, including HPC in the section's compressed zone and normal strength concrete (NSC) in the tensile zone [7] , allows effective performance of bending elements and decreases their cost. This paper reviews existing methods for design of two-layer RC bending elements, and it is aimed at giving a definition of high performance bending elements (HPBE). An original contribution for the first time conditions, allowing achieving HPBE, is determined.
2 Two-layer bending element from NSC and fibered HSC Two-layer bending elements consisting of steel fibered HSC in the compression zone and NSC in the tensile zone ( Figure 1) were studied by the authors [7] . In such elements the bending moment should have the same sign along the entire length of the beam. Additionally, the depth of the compression zone in bending must be constant and equal to its maximal value. Two layer bending elements.
The shear capacity in such elements can be obtained as follows:
where V Rd1 and V Rd2 are the concrete section shear capacity without and with links, respectively [9] . An additional requirement for the HSC shear stresses on the border of two concretes is
, where f Rd NSC is the concrete shear strength in a diagonal direction [9] . Adding fibers to the HSC increases the shear strength of a section and prevents its shear failure [1] .
Another problem, encountered in the design of two-layer RC sections, concerns the depth of the compression zone, x HSC . The main difficulty is that the depth under bending and that under shear are different. The former is calculated, whereas the latter is a constant value specified by design codes [2, 9] . The depth chosen for the HSC layer must satisfy both these requirements. According to the current code provisions [2] , the depth under shear equals 0.2 d, and under bending it is between 0.1 d and 0.4 d (see Figure 1 ). In the case of a two-layer beam the minimal value of the concrete compressed zone depth under bending should be 0.2 d. So the range of x HSC for bending narrows:
Increasing the lower limit of the concrete compressed zone depth, x HSC , may yield an increase of section reinforcing. It means that the two-layer RC beams are effective for cases when the calculated depth of the compressed zone corresponds to Eq. (2), i.e. when the RC section carries rather large bending moments. This assumption should be one of the basic provisions for the implementation of such two-layer HSC beams.
Definition of HSC
The authors gave a rigorous definition of HSC based on analysis of strength and deformation characteristics of different concrete classes [2] . The data given in Table 3 .1 of the Eurocode 2 [2] was processed. Results of the analysis are presented in Figure 2 . The symbols in the figure correspond to those used in the Euro Code 2 [2] . [7] ).
In our rigorous definition, HSC is defined by the following four conditions: -there is no download branch in the "σ c -ε c " diagram of the concrete (i.e. ε cu1 = ε c1 ); -the σ c -ε c parabolic function has a minimum exponent (i.e. n = 1.4); -the ductility parameter µ (according to the σ c -ε c diagram) is rather small and the failure of the specimen is brittle (µ ≈ 1); -the concrete tensile strength practically does not increase.
Design of two-layer pre-stressed bending elements
Design methods for two-layer bending elements with steel fibered HSC in the compressed zone and pre-stressed NSC in the tensile zone (SFHSC/NSC) were developed by the authors [10] . The design of such beams forms a new class of problems in RC structures: -obtaining the HSC class for a pre-stressed beam according to a given NSC one; -calculation of steel fiber ratio as a function of the required pre-stressed section's ductility; -calculation of minimum and maximum steel fiber (SF) volume ratios. Usually selection of the SF volume ratio was made based on engineering experience, technological requirements, etc. Most experimental investigations have been curried out for SF volume ratios that were selected in this way and varied from 0.5 to 2.5% [1, 11, 12] . The lower limit of this ratio is recommended in [13] . Based on experimental investigations that have been performed by other researchers [1, 11, 12, [14] [15] [16] [17] , the authors have developed a strong theoretical background for the design of HPBE.
Calculation of lower HSC class limit for two-layer pre-stressed beams
In the tensile zone of bending RC elements, plastic deformations appear in the concrete matrix before cracking, as in any tensile material. A corresponding idealized "stress-strain" diagram for tensile concrete is shown in Fig. 3(a) .
(a) (b) (c) Figure 3 : Idealized "σ-ε" diagram of tensile concrete: (a) crack limit state; (b) under external moment; (c) due to pre-stressing forces.
In this figure the symbols are given as in [2] and M r and M' r -section bottom (pre-stressed) and top zones cracking bending moments;
x r and x r ' -corresponding neutral axis depth of the tensile and compressed zones.
The section bottom zone cracking moment (see Fig. 3(b) ) is
where ω r = x r / h, n = E s / E c and ρ = A s / (b d). 
Experimentally the relation between M' r and M r was investigated by many researches. As can be followed from [19] , for three pre-stressed beams that were tested, the relation varied from 1.252 to 1.716 (the average value was 1.536), which is in good agreement with the theoretically obtained result (see Eq. (4)). If a pre-stressed element's section has two-layers, the minimum concrete tensile strength for the upper HSC layer is
In this case cracks will not appear in that layer under negative moment due to pre-stressing forces. This condition may be used to calculate the HSC class according to a given bottom layer NSC class. Eq. (5) also defines a lower value of the HSC class that may be used in two-layer beams for a given NSC class. The real HSC class should be selected based on the design value of the compressed concrete strength.
Ductility of a pre-stressed concrete section
The ductility parameter for a two-layer section, consisting of compressed HSC and tensile pre-stressed NSC zones, is very small and its value is near to 1.0, i.e. a bending element section is brittle. It limits the application possibilities of such structures under seismic and other dynamic loadings. Therefore it is reasonable to use SF in order to get HPC in the section's compressed zone. It should also be mentioned that because the concrete action in tension is neglected, there is no need to use HPC in the section's tensile zone and no fibers are added to the NSC.
The minimum SF volume ratio for different HSC classes was found based on [13] . It shows that the ratios of 0.5 … 2.5%, used by many researchers in experimental works, are close only to the minimum SF volume ratio. These ratios correspond to concrete transverse (Poisson's) tensile strains, but they do not always ensure the section's required ductility. The real value of an SF volume ratio is a function of the required ductility, which, in turn, is a design parameter. Besides, the maximum additional plastic deformations in beams, contributed by fibers, cannot exceed those in beams without fibers. Based on these requirements, a linear approximation of the "SF volume ratio -required ductility" function is proposed [10] . It allows calculation of the SF volume ratio for a required section's ductility.
Calculation of SF volume ratio as a function of required section's ductility
As in usual RC elements, after the minimum SF volume ratio is obtained, it is necessary to calculate the design one. The main principals for this design are:
-by analyzing results of experimental investigations [1, 11, 12, [14] [15] [16] [17] , it can be concluded that SF in a bending pre-stressed section compressed zone adds plastic deformations, ε c f , after the ε c2 value in a concrete matrix is achieved (see Fig. 4 ); -the additional plastic deformations, ε c f , should be calculated as a function of the required section ductility, µ req , which is given as a design parameter; -the total additional plastic deformations (taking into account the fiber confining effect) should be less then or equal to those without fibers [18] : ε c f ≤ ε c 2 (6) The SF volume ratio is assumed to be a linear function of the required ductility.
Equation (6) limits the maximum value of the additional plastic deformations, ε c f . It is important to also limit their minimum value. If cracks appear in the concrete matrix, fibers, added according to the min ρ f value, can take the transverse tensile strains. In this case A graph of the SF volume ratio, ρ f , vs. µ req is shown in Figure 5 . 
Principles for definition of high performance RC bending elements
Based on the above review of experimental and theoretical investigations, carried out by the authors and by other researchers, it is possible to formulate the following principles for defining HPBE: -the properties of the element's material should be as close as possible to those of an elastic-ideal-plastic one; -each section of an HPBE should be quasi-isotropic and the neutral axis should pass through its centre of gravity, i.e. the section's compressed zone depth is known; -an HPBE should be made of two layers, allowing more effective use of the concrete strength and ductility in the section; -concrete in the compressed zone should be fibered, according to a calculated SF ratio, in order to achieve the required ductility level; -concrete in the tensile zone should be pre-stressed; -the HPBE section's bearing capacity and its ductility cannot be increased more than twice, otherwise another material (different from traditional RC) will be created.
Conclusions
This paper deals with the problem of a strong definition of RC high performance bending elements (HPBE), and it is focused on the structural aspects only. Based on a definition of high strength concrete (HSC), previously given by the authors, a calculation method for fiber volume ratio was proposed. Following this definition, HSC is defined as the lowest concrete strength, satisfying the following requirements: absence of a download branch in the parabolic diagram of the concrete; minimum exponent of the σ c -ε c function; and minimum ductility parameter of the concrete under compression. Two-layer beams with HSC in the compression zone and normal strength concrete (NSC) in the tensile zone were studied, applying the above mentioned approaches. Such a beam is effective, if its section's compressed zone corresponds to a rather large bending moment. NSC, used in the section tensile zone, additionally contributes about 20% to the section's plastic energy dissipation, compared to one-layer HSC beams.
Using steel fibers (SF) significantly increases the ductility of the section. They have little effect on beams' elastic deflections, but increase the plastic energy dissipation potential of the section. It was proposed to add fibers only in the compression zone, where HSC is used. It avoids high fiber expenditure for a beam and increases the shear capacity of the section. The role of fibers for transverse tensile deformations absorption is similar to that of tensile reinforcement for longitudinal tensile stresses absorption in usual RC structures.
Based on the fact that SF takes the transverse (Poisson) tensile stresses, yielding cracks in the concrete matrix, a design method for calculation of the SF volume ratio, as a function of required ductility, was proposed. It forms a basis for a new design technique of HPBE.
Pre-stressing the tensile zone of the two-layer beam yields further improvement in its performance. A design method for such beams, consisting of steel fibered HSC in the compressed zone and pre-stressed NSC in the tensile zone was proposed. It follows that two-layer fibered HSC/NSC elements become high performance ones. Summarizing the above described methods, for the first time the main principles required for getting HPBE were formulated.
